hemagglutinin during intracellular transport to the apical plasma membrane of epithelial cells were investigated in Madin-Darby canine kidney (MDCK) cells and in LLC-PK1 cells stably transfected with a hemagglutinin gene. After pulse-labeling a substantial fraction of hemagglutinin was observed to become insoluble in isotonic solutions of Triton X-100. Insolubility of hemagglutinin was detected late in the transport pathway after addition of complex sugars in the Golgi complex but before insertion of the protein in the plasma membrane. Insolubility was not dependent on oligosaccharide modification since deoxymannojirimycin (dMM), which inhibits mannose trimming, failed to prevent its onset. Insolubility was not due to assembly of virus particles at the plasma membrane because insoluble hemagglutinin was also observed in transfected cells. Hemagglutinin insolubility was also seen in MDCK cells cultured in suspension and in chick embryo fibroblasts, indicating that insolubility and plasma membrane polarity are not simply correlated. In addition to insolubility, an apparent transportdependent reduction of the disulfide bond linking HA1 and HA2 in hemagglutinin was detected. Because of the timing of both insolubility and the loss of the disulfide bond, these modifications may be important in the delivery of the hemagglutinin to the cell surface.
I
N eukaryotic cells, integral plasma membrane proteins are synthesized on membrane-bound polyribosomes of the rough endoplasmic reticulum and transported through the Golgi apparatus to their final destinations. In polarized epithelial cells this process is more complex because the plasma membrane is organized into apical and basolateral domains. Each domain has a unique protein and lipid composition achieved by sorting membrane components. How sorting occurs is not understood and is one of the most challenging problems in cell biology.
When Madin-Darby canine kidney (MDCK) cells, a polarized epithelial cell line (10, 50) , are infected with enveloped RNA viruses, new virions bud exclusively from either the apical or basolateral plasma membrane. Influenza virus, for example, matures from the apical plasma membrane while vesicular stomatitis virus buds basolaterally (43) . Budding from the apical or basolateral domain is dependent on polar insertion of the viral glycoproteins. The influenza proteins hemagglutinin and neuraminidase are concentrated on the apical plasma membrane while vesicular stomatitis virus G protein is mainly localized to the basolateral surface in infected cells (42) . Sorting of viral glycoproteins is not dependent on the viral infection; epithelial cells expressing hemagglutinin or G protein without other viral proteins still insert these proteins into the correct domain (46, 52) . Instead, the viral proteins apparently possess structural features recognized by the cellular sorting machinery.
Previous studies have delineated the transport pathways for apical and basolateral viral glycoproteins in MDCK cells. Hemagglutinin has been colocalized with G protein throughout the transport pathway to the trans-Golgi (9, 32, 39, 42) . Beyond the trans-Golgi, the apical and basolateral pathways diverge such that hemagglutinin and G protein are directly inserted in their correct plasma membrane domains (21, 25, 36, 40) . Similarly, direct pathways have been reported for endogenous MDCK cell proteins (6, 11, 18) .
The finding that apical and basolateral transport pathways in MDCK cells diverge between the Golgi complex and the cell surface suggests that sorting is a Golgi function. The precise site where sorting occurs may be a specialized part of the trans-Golgi called the trans-Golgi network (13) . The trans-Golgi network, in fact, may be a crossroads for membrane traffic in the cell where proteins destined for diverse pathways are segregated into vesicles for delivery (13, 14, 16, (32) (33) (34) 55) .
From the work with MDCK cells it is evident that the mechanism ot intracellular transport and sorting of membrane glycoproteins are closely related events. In this paper these problems are addressed by looking for biochemical changes in the influenza hemagglutinin that occur late in the transport pathway during delivery of the protein to the plasma membrane. It is demonstrated that alterations in hemagglutinin occur that cause it to become insoluble in a nonionic detergent as it exits from the Golgi complex. In addition, an apparent loss of a disulfide bond during transport is observed. Each of these modifications may be important in the delivery of the hemagglutinin to the cell surface in both polarized and nonpolarized cells.
Materials and Methods

Materials
Tissue culture cells were grown on Falcon plastics in growth media from Gibco Laboratories, Grand Island, NY. Nonionic detergents for extracting the cells were, Triton X-100 (Sigma Chemical Co., St. Louis, MO), SurfactAmps Purified Triton X-100 (Pierce Chemical Co., Rockford, IL), and NP-40 (Sigma Chemical Co.).
Cells and Viruses
MDCK cells exhibiting low transmonolayer resistance (MDCK II) were used (50) . Stock and experimental cells were cultured as previously described (20) .
MDCK cells were prepared for suspension culture by trypsinizing subconfluent stock cells and suspending them in media specially formulated for suspension culture (S-MEM) supplemented with dialyzed 5 % FBS, 10 mM Hepes, pH 7.3, penicillin, and streptomycin. MDCK cells were cultured in suspension for 36 h in siliconized spinner flasks at a density of 1 x 105 cells/ml.
Experiments with LLC-PK1 ceils expressing hemagglutinin were performed with a continuous cell line that stably maintains a bovine papilloma virus vector containing the cDNA for the A/Japan/305/57 hemagglutinin (H2 subtype; PKHA cells). PKHA cell stocks were grown in 75-cm 2 flasks in high glucose (4.5 g/liter) Dulbecco's MEM supplemented with 10 % FBS, penicillin, and streptomycin until confluent (,,o4 d). Stock cells were subeultured approximately once a week at a dilution of 1:5. For experiments, PKHA cells were grown on Millicell-HA filters (30 mm, pore size 0.45 #m; Millipore Corp., Bedford, MA). A confluent flask of PKHA cells was trypsinized and the cells were suspended in 50 ml growth medium. A 3-ml aliquot of the cell suspension was placed on each filter and the cells were cultured for 4 d.
Chick embryo fibroblasts (CEF) I were prepared with ll-d chick embryos. The cells were suspended in high glucose Dulbecco's MEM supplemented with 10% FBS, penicillin, and streptomycin. The cell cultures were expanded to 75-cm 2 flasks and confluent flasks were divided into 40 35-mm plates for use in pulse-chase experiments.
For most experiments influenza virus A/PR/8/34 (HI subtype; PR8), plaque purified on MDCK cells, was used. Viral stocks were grown in 10-d embryonated chicken eggs, concentrated by centrifugation, and titered on MDCK cells as previously described (22) . Typical titers were from 10 I°-10 II plaque-forming nnits/ml. Influenza ts61S mutant (WSN subtype) was used to visualize hemagglutinin transport by immunofluorescence. Stocks of ts61S were grown from individual plaques picked up from MDCK cell monolayers as previously described (23) .
Antibodies
A polyclonal antiserum against the PR8 hemagglutinin was raised in rabbits as previously described (22) . The antiserum reacted against both hemagglutinin and the capsid protein NP. To enrich for hemagglutinin specific antibodies the antiserum was passed over an affinity column of"ol.3 nag hemagglutinin coupled to 0.35 g CNBr-Sepharose (Pharmacia Fine Chemicals, Piscataway, NJ). The affinity-purified antibodies were stored at -20°C in 50% (vol/vol) glycerol/PBS. Affinity purification reduced reactivity with NP, but did not eliminate it.
The monoclonal antibodies H28-E23 and H15-E8 141 against hemagglu- 
Radiolabeling and Extraction
MDCK cells grown on 35-ram plates were infected and pulse-labeled as previously described (20) except all incubations were performed on a waterbath and the media were supplemented with 0.035 % (wt/vol) sodium bicarbonate for pH stability.
To separate soluble and insoluble fractions, the cells were extracted with 1.0 ml of extraction buffer, consisting of 25 mM Hepes, pH 7.4, 0.15 M NaCI, 1% (wt/vol) Triton X-100, and a protease inhibitor cocktail (10 #g/ml aprotinin, 1 mM PMSE 17 #g/ml benzamidine, 1 #g/ml pepstatin, 1 #g/ml antipain, and I mM iodoacetamide) for 20 min on ice. The entire monolayer was released from the culture dish by this procedure. The extracts were collected and centrifuged in an Eppendorf microfuge (Brinkmann Instruments, Inc., Westbury, NY) at full speed for 1 min at room temperature. Extracts were divided into supernatants and pellets. The pellets were solubilized in 100 #1 50 mM Tris, pH 8.8, 5 mM EDTA, 1% (wt/vol) SDS (solubilization buffer), heated 3 min at 95°C, and passed through a 22G needle several times to shear DNA. In preparation for immunoprecipitation, the solubilized pellets were diluted 1:10 with extraction buffer and the Tritonsolubilized supernatants were brought to the same concentration of SDS as the pellet fractions by addition of 100 #1 solubilization buffer.
PKHA cells were grown on 30 mm Millicell-HA filters (Millipore Corp.) to permit efficient labeling from the basolateral surface. The methionine uptake system in LLC-PK1 cells is concentrated on the basolaterai plasma membrane (1, 22, 38) . For pulse-labeling, the filters were placed on 0.5 ml Earle's MEM without methionine (Sigma Chemical Co.) supplemented with 15 mM Hepes, pH 7.3, 0.035 % sodium bicarbonate (labeling medium), contaming 50 #Ci [35S]methionine and incubated for 15 rain in a waterbath at 37°C. They were then chased in medium containing excess methionine added apically and basolaterally. The cells were extracted by cutting out the filters and placing them in micro-Eppendorf tubes (Brinkmann Instruments, Inc.) containing 1.0 ml extraction buffer and inverting them for 20 rain at 4°C. The tubes were centrifuged to push the filters to the bottom and the supernatants removed. Insoluble material still attached to the filter was extracted by adding 100 #1 solubilization buffer and heating 3 min at 95°C. The extract was diluted 1:10 with extraction buffer and transferred to a new tube, discarding the filter.
For labeling, MDCK cells in suspension were removed from the spinner flask and washed twice with labeling media (containing 0.22 % sodium bicarbonate for labeling in the 5% C&z incubator) by centrifugation at 2,000 rpm for 5 min in the tabletop centrifuge. The cells (5 × 106 cells/ml) were pulse-labeled for 5 rain with 1 mCi [35S]methionine in 5 ml labeling media and diluted 10-fold with excess methionine medium. At appropriate timepoints, 5-ml samples were removed, immediately diluted in ice cold PBS to stop further transport of labeled material, washed once by ccntrifugation, and resuspended in 1.0 ml extraction buffer. After inverting 20 min at 4°C, the samples were spun in the microfuge, separated into supernatants and insoluble pellets, and prepared for immunoprecipitation as described above.
Trypsin Assay
To detect cell surface hemagglutinin, cells grown on plastic dishes were treated with trypsin (Sigma Chemical Co.) as previously described (20) except 200 #g/ml soybean trypsin inhibitor was used. PKHA cells on filters were treated as described previously for MDCK cells on filters (21) .
MDCK cells from suspension cultures were trypsinized by resuspending them in 5 ml 100 #g/ml trypsin in PBS on ice for 15 min with gentle agitation. The cells were pelleted and resuspended in 5 ml 200 #g/ml soybean trypsin inhibitor in PBS for 10 min on ice, and extracted with 1.0 ml extraction buffer for 20 min at 4°C. 
lmmunoprecipitation
The hemagglutinin from Triton-soluble supernatants and -insoluble pellets solubilized in SDS was immunoprecipitated overnight at 4°C with saturating amounts of H28-E23 culture supernatant, afffinity-purified H28-E23, or affinity-purified rabbit polyclonal antiserum. Protein A-Sepharose (25/zl of a 1:1 slurry) (Pharmacia Inc.) or 25 /zl protein A-Trisacryl (1:1 slurry) (Pierce Chemical Co.) was added and samples inverted for 2 h at 4°C. The immunoprecipitates were washed three times with 10 mM Tris, pH 8.6, 0.5 M NaCI, 1% (wt/vol) Triton X-100, 0.1% (wt/vol) SDS (wash buffer), and once with 10 mM Tris, pH 8.6. Inununoprecipitates were resuspended in 15 #1 50 mM Tris, pH 8.8, 5 mM EDTA, 10% (wt/vol) sucrose, 0.1% (wt/vol) bromophenol blue (gel sample buffer), 1% (wt/vol) SDS, reduced by addition of 5/~10.2 M DTT, and heated for 3 min at 95°C. Samples were alkylated by addition of 5/~1 0.5 M iodoacetamide, incubated at 37°C for ,'~15 min, and separated on a 7.5-15 % polyacrylamide gradient gel in a Trisglycine buffer system (20, 37) .
Quantitation
The amount of hemagglutinin in Triton-soluble and -insoluble fractions was quantitated by cutting out bands from dried gels, as previously described (20, 60) . The results are reported as the percentage of the total radioactivity in hemagglutinin derived from a single plate of cells, including both soluble supernatant and insoluble pellet. Because HA2 was lost from immunoprecipitates of some fractions, it was assumed for quantitation that the amount of radioactivity in HA2 was twice that of HA1 in the immunoprecipitate. This assumption was valid because there are twice the number of methionines in HA2 as in HAl in PR8 hemagglutinin (62) .
Inhibition of Complex Oligosaccharide Addition
To block addition of complex oligosaccharides, infected MDCK cells were preincubated 15 min with 1 mM deoxymannojirimycin (dMM) (Boehringer Mannheim Biochemicals, Indianapolis, IN) in labeling medium. The cells were then pulse-labeled and chased in the presence of 1 mM dMM as previously described (5) .
Immunofluorescence
MDCK cells were cultured on glass coverslips to subconfluency and infected with ts61S for 6 h at 39°C. Some cells were then incubated at 20°C for 2 h while others were incubated at 20°C for 2 h and then switched to 33°C for an additional 15-30 min. All of the incubations after the initial 6-h infection were performed in the presence of 20 #g/ml cycloheximide to block further protein synthesis. After incubation at the various tempera- Because the length of extraction used for the immunofluorescence experiment was much shorter than that used in the pulse-chase experiments, a control was performed to be certain that the results were comparable. MDCK cells infected with PR8 influenza were pulse-labeled, chased, and then extracted for the same amount of time as the coverslips. The supernatants from the control plates were collected and immunoprecipitated. The material remaining on the plates was fixed with methanol, extracted with 100 #1 SDS containing solubilization buffer, diluted 1:10 with extraction buffer, and immunoprecipitated.
Trypsinization of Hemagglutinin in Permeabilized Cells
To cleave both intracellular and cell surface hemagglutinin with trypsin, infected MDCK cells were pulse-labeled, chased, and divided into two groups. The first group was treated with trypsin without permeabilization as already described. The second group was permeabilized and trypsinized by addition of 100/zl 0.5% (wt/vol) Triton X-100, 0.1 mg/ml trypsin, and 40 mM N-ethylmaleimide in PBS on ice for 15 min. To block the trypsin, soybean trypsin inhibitor (10 #1 of a 1.0 mg/ml solution in PBS) was added for 10 min. The cells were solubilized by addition of 100 t~l 50 mM Tris, pH 8.8, 5 mM EDTA, 4% (wt/vol) SDS. Nonpermeabilized ceils were solubilized with the same buffer after the addition of 110/~1 PBS. The plates were scraped in the SDS solution with a bent 22G needle, the extract sheared, and heated at 95°C for 3 min to denature the hemagglutinin. A 50-#1 aliquot of each sample was diluted with 1.0 ml extraction buffer and immunoprecipitated. The samples were separated by SDS gel electrophoresis and the bands detected by fluorography. The radioactive bands were cut out of the gels and incorporation was measured as described above. Figure 3 . Insolubility is first detected in hemagglutinin that has not yet reached the plasma membrane. Infected MDCK cells were pulse-labeled and chased as described in the legend to Fig. 1 . The cells were trypsinized at 0°C to cleave hemagglutinin on the plasma membrane and extracted with Triton. The extracts were separated by centrifugation into soluble supernatants (s) and insoluble pellets (p). Hemagglutinin was immunoprecipitated and analyzed by SDS gel electrophoresis and fluorography. In a, a fluorograph of an SDS gel from a typical experiment is shown; in b, the quantitative results of 3-11 experiments, obtained by cutting out and counting bands from dried gels, are displayed graphically. The error bars refer to the standard deviations. Absence of error bars indicates that the standard deviations were too small to depict. Hemagglutinin is first detected on the cell surface at '~20-30-min chase, as indicated by the appearance of the trypsin cleavage products HA1 and HA2 (a, lanes [3] [4] [5] [6] [7] [8] . During the chase incubation, the amount of soluble, uncleaved hemagglutinin declines (a, HA in lanes 3, 5, and 7; b, tl) while the amounts of soluble cleavage products increases (a, HA/and HA2 in lanes 3, 5, and 7; b, o). In the insoluble pellets, the amount of uncleaved hemagglutinin remains constant during the chase (a, HA in lanes 4, 6, and 8; b, ,,) while the amount of cleaved hemagglutinin increases (a, HA/ in lanes 4, 6, and 8; b, o). The presence of uncleaved hemagglutinin in the insoluble fraction indicates that insolubility commences before hemagglutinin reached the cell surface. The HA2 band.is almost completely absent from the insoluble fractions (a, lanes 4, 6, and 8). Because of this, the amount of radioactivity in cleaved hemagglutinin was calculated by tripling the counts per minute measured in HA1 (see Materials and Methods for additional details). The band marked with an asterisk is the viral capsid protein NP that contaminates the immunoprecipitates.
Results
Hemagglutinin Becomes Detergent Insoluble During Transport
MDCK cells infected with influenza virus synthesize pre-
dominantly viral proteins (20, 21, 23) . Hemagglutinin synthesis, transport, and processing can be analyzed by pulselabeling the cells and after subsequent chase incubations, examining changes in hemagglutinin mobility using SDS gel electrophoresis. The pulse-labeled hemagglutinin band migrates with an apparent molecular mass of 68,000 D (HAo, Fig. 1, lane 1) . After 20-min incubation in chase medium, hemagglutinin migrates slower than just after the pulse-label (HA, Fig. 1, lane 3) . The mobility shift corresponds to the addition of complex oligosaccharides (20) . The half-time for the conversion from HAo to HA is •20 min (20) .
When influenza virus-infected MDCK cells were pulselabeled, chased, and extracted with Triton X-100 under isotonic conditions at pH 7.4, and the extract immunoprecipitated with a monoclonal antibody, there appeared to be a progressive loss of hemagglutinin from the extract with longer chase incubations. In an attempt to recover the missing hemagglutinin, the Triton-insoluble pellets normally discarded after extraction were examined. At early times after the pulse-label, no hemagglutinin was detected in the pellet when it was solubilized in SDS and immunoprecipitated (Fig. 1, lane 2) . Hemagglutinin was, however, found in the pellet beginning at ~15-20-min chase (Fig. 1, lane 4) . The amount of hemagglutinin in the pellet increased with longer chase times to a maximum of 26 % of the total radioactivity in hemagglutinin at 60 min.
The amount of hemagglutinin resistant to detergent extraction was not dependent on the batch of detergent used to extract the cells or the detergent to protein ratio. Insoluble hemagglutinin was found when highly purified Triton X-100 (low in peroxide and carbonyl content) was used or when NP-40 was substituted. Doubling the volume of the extraction buffer also had no effect on the appearance of hemagglutinin in the insoluble fraction.
Hemagglutinin did not seem to be stably associated with the insoluble pellet since reextraction with Triton X-100 released additional hemagglutinin (data not shown). However, hemagglutinin was not simply trapped in the pellet because at early chase times it was never found in the pellet in amounts >1-3 % of the total radioactivity. In addition, mixing of soluble supernatants from infected cells with pellets from uninfected cells did not cause hemagglutinin to partition into the pellet. Hemagglutinin insolubility was also not due to intermolecular disulfide crosslinks because including DTT in the extraction buffer did not alter the amount of extractable hemagglutinin.
Since only mature hemagglutinin was insoluble, it was possible that complex oligosaccharides were contributing to the insolubility. To address this, dMM was used to block the modification of oligosaccharides to the complex form. dMM prevents trimming of mannose residues by inhibiting mannosidase I (8), but it does not alter the rate of hemagglutinin transport or the amount transported to the plasma membrane (5) . Despite inhibition of trimming by dMM, the appearance of insoluble hemagglutinin was not effected (not shown).
In summary, these experiments demonstrated that hemagglutinin became resistant to extraction after the acquisition of complex sugars, late in the transport pathway to the apical plasma membrane. Complex sugars were, however, not required for hemagglutinin to become Triton insoluble. 
Appearance of Insoluble Hemagglutinin Does Not Depend on a Viral Infection
Since insoluble hemagglutinin appeared late in transport it was possible that insolubility was due to the interaction of hemagglutinin with other viral proteins during virus budding. To address this concern, hemagglutinin solubility was investigated in LLC-PK1 cells stably transfected with the cDNA for hemagglutinin of the H2 subtype (PKHA cells).
PKHA cells were pulse-labeled with [35S]methionine for 15 min, chased, extracted, and immunoprecipitated (Fig. 2) . As in infected MDCK cells, hemagglutinin was completely soluble just after the pulse-label and at early chase times. Insoluble hemagglutinin appeared at 60-min chase, after the addition of complex sugars (Fig. 2, lane 4) . Although the appearance of insoluble hemagglutinin commenced later than in infected MDCK cells, the relative timing of appearance was identical because pi'ocessing and intracellular transport of hemagglutinin to the plasma membrane occurs more slowly in PKHA cells (48; unpublished results). The amount of insoluble hemagglutinin was higher than the amount measured in infected MDCK cells, reaching "~45 % of the total radioactivity in hemagglutinin at 120-min chase (Fig. 2, lanes  5 and 6) .
On the basis of these experiments, it was clear that hemagglutinin insolubility was unrelated to virus budding, the viral infection, or other viral components. In addition, these resuits demonstrated that hemagglutinin insolubility was not restricted to a particular viral subtype or cell line.
Hemagglutinin Becomes Insoluble Before Reaching the Plasma Membrane
The results in MDCK cells indicated that hemagglutinin first became insoluble at ~15-20 rain after pulse-labeling, after the addition of complex sugars. To determine where in the cell insolubility commenced, the relationship of insolubility to plasma membrane appearance was examined. Native hemagglutinin possesses a single trypsin sensitive site that is efficiently cleaved at 0°C (17, 19, 20) . Digestion with trypsin can therefore be used to quantitate hemagglutinin on the plasma membrane (20) . The two polypeptides resulting from trypsin cleavage remain associated by a single disulfide bond and other noncovalent interactions between the polypeptide chains. Upon reduction and denaturation the polypeptides migrate as two bands on SDS gels of 50,000 (HA/) and 27,000 D (HA2, see Fig. 3 a, lane 5) .
When pulse-labeled MDCK cells were trypsinized and extracted, both the soluble and insoluble fractions contained uncleaved hemagglutinin (HA) and the fragments HA1 and HA2 after 30-min chase (Fig. 3 a) . As the amount of soluble cleaved hemagglutinin increased at longer chase times, in- soluble cleaved hemagglutinin also increased (Fig. 3 b, open  and solid circles) . Concomitantly, there was a striking loss of HA2 in the insoluble pellet (Fig. 3 a, lanes 4, 6, and 8 ; see below).
The amount of insoluble hemagglutinin not cleaved by trypsin reached a plateau of ~5 % of the total label (Fig. 3  b, solid squares) . This small amount of uncleared hemagglutinin was not due to inefficient cleavage of protein on the plasma membrane by trypsin because the amount of cleaved insoluble hemagglutinin continued to increase with longer chase incubations. Inefficient cleavage would produce a constant ratio of cleaved to uncleaved hemagglutinin; in fact, the ratio of intracellular insoluble hemagglutinin to cleaved insoluble hemagglutinin decreased with continued incubation (Fig. 3 b, solid circles and squares) .
To further substantiate these findings, the appearance of insoluble hemagglutinin was examined when transport to the plasma membrane was reversibly blocked in the trans-Golgi by incubating the cells at 19-200C (Fig. 4 a) (20) . MDCK cells were pulse-labeled at 37"C and then chased for 2 h at 19-20°C. Under these conditions most hemagglutinin was uncleaved and soluble in Triton X-100 (Fig. 4 a, lane 5) . Some insoluble uncleaved hemagglutinin was also observed (Fig. 4 a, lane 6) . When the temperature was shifted from 19-20 to 37°C, cleaved and uncleaved hemagglutinin were seen in both the soluble and insoluble fractions (Fig. 4 a,   lanes 7-12) . With continued incubation, the cleaved insoluble fraction increased while the uncleaved insoluble fraction remained constant (Fig. 4 b, solid circles and squares) , At the same time, cleaved soluble hemagglutinin increased while uncleaved soluble hemagglutinin declined (Fig. 4 b, 
open circles and squares).
On the basis of both the experiments at 37 and 20°C, it seemed clear that changes in hemagglutinin leading to insolubility commenced inside the cell, possibly as soon as the trans-Golgi, and that they persisted after transport to the plasma membrane.
Insoluble Hemagglutinin Can Be Localized to the Golgi and Plasma Membrane by Immunofluorescence
Because sorting of apical proteins from basolateral proteins in MDCK cells occurs during transport from the Golgi complex to the plasma membrane, and because hemagglutinin insolubility appeared to commence intracellularly late on the transport pathway, it was of interest to examine hemagglutinin insolubility morphologically. To visualize insoluble hemagglutinin in MDCK cells, infected cells were extracted with Triton X-100 and examined by immunofluorescence. MDCK cells were infected with the ts61S temperature-sensitive mutant of influenza at the nonpermissive temperature of 39°C for 6 h. At this temperature, transport of hemagglutinin is blocked in the endoplasmic reticulum (40) . In cells transferred to 20°C for 2 h in the presence of cycloheximide, the hemagglutinin synthesized at 39°C is transported to the trans-Golgi but does not reach the cell surface (40) . If the cells are then incubated at the permissive temperature of 33°C, hemagglutinin is transported from the trans-Golgi to the plasma membrane (40) .
After infection at the nonpermissive temperature, staining for hemagglutinin was diffuse throughout the cytoplasm and slightly enhanced around the nucleus, characteristic of the endoplasmic reticulum (Fig. 5 a) . Extraction before fixation eliminated this staining almost completely (Fig. 5 b) . The cells incubated at 20°C exhibited a perinuclear staining resembling that of the Golgi complex (Fig. 5 c) . Upon extraction of a parallel sample, a punctate staining still localized to the Golgi region was evident (Fig. 5 d) . When cells were incubated for 15 min at the permissive temperature, both residual Golgi complex and cell surface staining were observed. When cultures incubated in this way were extracted, little difference between extracted and unextracted was noted (Fig. 5, e and f ) .
The observations by immunofluorescence confirmed and extended the previous findings using the biochemical approach. Hemagglutinin was completely Triton soluble early in the transport pathway. When blocked in the trans-Golgi, a small amount of hemagglutinin was insoluble. Finally, by the time the protein reached the plasma membrane, a much larger fraction had become resistant to extraction.
Disulfide Bond Connecting HA1 and HA2 Is Reduced in Insoluble Hemagglutinin
As noted earlier, in immunoprecipitates of trypsin-cleaved hemagglutinin from the insoluble pellet, the amount of HA2 was diminished relative to the expected HA2 to HA1 ratio (Fig. 3 a) . Theoretically, separation of hemagglutinin into the HA1 and HA2 subunits requires three steps. First hemagglutinin must be cut with trypsin; second, the disulfide bond linking HA1 and HA2 must be reduced; third, hemagglutinin must be denatured to break interactions between polypeptide chains. In the experiment shown in Fig. 3 a, hemagglutinin had been digested with trypsin, denatured by treatment with SDS, and then immunoprecipitated with an HAl-specific antibody. Under these conditions, HA2 should have been quantitatively recovered in the immunoprecipitates if the disulfide bond between HA1 and HA2 was intact. Instead, HA2 was lost, suggesting that the disulfide bond was absent (Fig. 3 a) .
Because the loss of HA2 could only be detected in hemagglutinin cleaved with trypsin, and because trypsin only had access to the cell surface in the experiment shown in Fig. 3 a, it was not clear if the disulfide bond.was absent as well in intracellular hemagglutinin. To examine this, pulselabeled MDCK cells were permeabilized with low concentrations of Triton X-100 in the presence of trypsin and N-ethylmaleimide to cleave both intracellular and cell surface hemagglutinin. N-ethylmaleimide was included to react with any free sulfhydryls and block formation of artifactual disulfide bonds. In parallel samples, pulse-labeled MDCK cells were trypsinized at the cell surface without permeabilization. The samples were solubilized in SDS with heating to denature hemagglutinin, immunoprecipitated with HA1 specific antibodies, and analyzed by SDS gel electrophoresis (Fig. 6 a) . If the disulfide bond of the denatured hemagglutinin was intact at the time of immunoprecipitation, the ratio of radioactivity in HA2 to HA1 should approximate the ratio of methionines, 2:1. If the ratio was less than this, then it would suggest that the disulfide was broken before immunoprecipitation.
At early chase times the ratio of HA2/HA1 was near the theoretical 2:1 ratio indicating that the disulfide bond was initially formed (Fig. 6 b, 15 min, hatched bar) . This ratio fell at later times reflecting a dramatic loss of HA2 (Fig. 6 b, 60 rain, hatched bar). The ratio of HA2/HA1 for hemagglutinin cleaved at the cell surface approximated 1:1 at all chase times (Fig. 6 b, stippled bars) . In control samples artificially reduced with ~ all HA2 was absent after immunoprecipitation with HAl-specific antibodies indicating that the denaturation conditions were sufficient to fully separate HA1 and HA2 after reduction of the connecting disulfide bond (Fig. 6 a, lane 13) .
In summary, the disulfide bond linking HA1 and HA2 is formed at the time of hemagglutinin synthesis but is broken in at least a fraction of the molecules during intracellular transport.
Hemagglutinin Insolubility Is Not Restricted to Polarized Cells
MDCK cells are polarized and sort hemagglutinin to the apical plasma membrane. To determine if the presence of insoluble hemagglutinin could be correlated with cell polarity, the extractability of hemagglutinin was examined in depolarized MDCK cells and CEE MDCK cells were cultured as a single cell suspension. Under these conditions, apical markers have been shown to be randomly distributed over the cell surface (44) . After infection with influenza virus, the cells were pulse-labeled and chased in suspension, extracted with Triton X-100, and the soluble extracts and insoluble pellets analyzed. As with polarized cells grown on plastic, just after the pulse-label, little insoluble hemagglutinin was observed (Fig. 7 a, lane 2) . Insoluble hemagglutinin was detectable at 30-min chase, after the acquisition of complex oligosaccharides (Fig. 7 a, lane  4) , and at 60 min, the amount of insoluble hemagglutinin was similar to that seen in MDCK cells grown on plastic (Fig. 7 a, lane 10) .
Insoluble hemagglutinin was also observed in CEF that are known to express hemagglutinin over the entire cell surface (43) . Primary cultures of CEF were infected with influenza virus, pulse-labeled, chased, and extra, ted identically to MDCK cells. As with polarized MDCK cells, insoluble hemagglutinin appeared in a transport-dependent manner (Fig.  7 b) . Cell surface appearance and onset of hemagglutinin insolubility was slowed in these cells, but the timing of insolubility relative to complex sugar addition and cell surface appearance was similar to that seen in MDCK cells (Fig. 7   b, lanes 3-10) . The hemagglutinin bands on the polyacrylamide gel from CEF cells were diffuse and the amount of hemagglutinin in the insoluble fraction appeared less than in MDCK cells.
Discussion
Differential Solubility of Hemagglutinin During IntraceUular Transport
The experiments described here establish that the influenza virus hemagglutinin becomes resistant to extraction with isotonic solutions of Triton X-100 late in transport to the apical plasma membrane in infected MDCK cells. At early times, it is completely soluble under identical extraction conditions.
After 60-min chase, insoluble hemagglutinin amounted to "026% of that labeled by a 5-min pulse. Because solubilization of the detergent-resistant pellet required denaturation of the hemagglutinin, immunoprecipitation of the insoluble material was inefficient. Trichloroacetic acid precipitates of the residues left after immunoprecipitation always contained additional hemagglutinin. This problem was not corrected by increasing the amount of monoclonal antibody or by using a polyclonal antiserum for immunoprecipitation. By comparison, ,045 % of the hemagglutinin made by the transfected PKHA cells was insoluble under identical conditions. The quantitative discrepancy between the two situations can be explained by either differences in hemagglutinin subtype structures which limit the denaturation in SDS solutions, or by the ability of the subtype specific antiserum to more efficiently recognize denatured hemagglutinin from PKHA cells. It is clear, nevertheless, that the estimate of 26% insoluble hemagglutinin in the infected cells is an underestimate, and that the actual amount could be much higher.
The fact that hemagglutinin produced by transfected PKHA cells was also differentially insoluble definitively demonstrated that insolubility was not due to the formation of viral particles late in transport, or to some other side effect of the viral infection. Insolubility occurs as a consequence of the interaction between hemagglutinin and the transporting machinery of the cell and not from association with other virally encoded components. In this sense, hemagglutinin insolubility resembles other aspects of hemagglutinin transport, processing, and sorting, all of which have been shown to depend on the host cell rather than on the viral infection (46, 52) .
Even though most insoluble hemagglutinin was on the cell surface, insolubility commenced intracellularly. Approximately 5 % of the total pulse-labeled hemagglutinin was insoluble and resistant to trypsin added to the cell surface. The failure of this small fraction of the insoluble hemagglutinin to be cleaved by trypsin indicated that it was inside the cell.
When hemagglutinin transport was arrested in the trans-
Golgi by incubation at 19-20°C, most pulse-labeled hemagglutinin was soluble. About 5 % was insoluble, corresponding exactly to the amount of intracellular insoluble material measured in cells incubated at 37°C. By immunofluorescence as well, a small fraction of the Golgi-associated hemagglutinin was insoluble.
Although hemagglutinin insolubility commences inside the cell, it persists later in transport such that most insoluble hemagglutinin is on the cell surface. It is possible that the level of cell surface insoluble hemagglutinin detected in pulse-chase experiments is maintained by continual addition of insoluble material from the intracellular pool. Preliminary experiments suggest, however, that even under steady state conditions large amounts of insoluble hemagglutinin remain. Alternatively, if hemagglutinin insolubility is caused by binding of hemagglutinin to other proteins, then cell surface hemagglutinin might exist in an equilibrium between free (soluble) and bound (insoluble) forms. The precise size of each pool would depend on dissociation constants and number of available binding sites. In the red cell, for example, the amount of band 3 exceeds that of ankyrin. The result is a relatively large percentage of detergent-soluble band 3 (3, 49) .
Other proteins have been previously shown to be insoluble in Triton X-100 under isotonic conditions. Both the erythrocyte anion transporter band 3 and the Na+/K+-ATPase in MDCK cells are partially insoluble in Triton solutions (3, 27, 63) . Each of these proteins associates with the submembranous spectrin (or fodrin, in MDCK cells) network, probably by means of a primary interaction with ankyrin (28) (29) (30) 49) . In these cases, therefore, it is likely that insolubility is due to attachment to the cytoskeleton.
Like band 3 and the Na÷/K÷-ATPase, hemagglutinin insolubility may be caused by association with the cytoskeleton. It is unlikely, however, that hemagglutinin interacts with fodrin; in polarized epithelial cells fodrin is found mainly on the basolateral surface while hemagglutinin is localized to the apical domain (28, 29) . It is also conceivable that hemagglutinin associates with microtubules. While the distribution of microtubules in epithelial cells is not completely understood, it is known that microtubule organization is linked to the trans-part of the Golgi complex and the centrosome, both of which are present apically in epithelial cells (4, 31, 41) . In addition, Rindler et al. reported that drugs affecting microtubule polymerization interfere with the correct sorting of hemagglutinin in MDCK cells, a result contradicted by the findings of Salas et al. (41, 47) . Because microtubules would not be expected to remain polymerized when cells are extracted in the cold, as was done here, their involvement in hemagglutinin insolubility seems unlikely.
As an alternative to association with the cytoskeleton, it is possible that insolubility results from coprecipitation of hemagglutinin with other molecules enriched in the distal parts of the transport pathway. Polarized epithelial cells sort not only proteins but lipids to the apical and basolateral cell surfaces (50, 5%59). The apical plasma membrane is enriched in glycolipids, all of which are in the exoplasmic leaflet of the lipid bilayer, van Meer has estimated that the outer leaflet of the apical domain may consist almost entirely of glycolipids and cholesterol (56) . If true, then hemagglutinin might be immersed in a sea of glycolipids during transport from the trans-Golgi to the plasma membrane. Upon extraction with Triton, lipid-protein complexes might precipitate. This hypothesis is encouraged by results from other cell types. In erythrocytes, sphingomyelin, which like glycolipids is derived from sphingosine, is insoluble in Triton X-100 at the ionic strength used in the present studies (63) . In addition, ganglioside GM~ associated with cholera toxin is insoluble in Triton (15, 53) .
Changes in an Hemagglutinin Disulfide Bond
HA2 was lost from the immunoprecipitates of insoluble hemagglutinin which had been trypsin cleaved into HA1 and HA2 and denatured with SDS. This observation suggested that the disulfide bond linking HA1 and HA2 was not intact before immunoprecipitation. Protein disulfide bonds may be broken by reduction either by reaction with molecules like glutathione, which is present in high concentrations in the cell, or by disulfide exchange with cysteines of another protein. In the experiments described here, artifactual reduction of hemagglutinin disulfide bonds during extraction of cells is unlikely. Reactions in an air atmosphere (the conditions of these experiments), are invariably oxidizing rather than reducing. In addition, inclusion of sulfhydryl alkylating agents in the extraction solution, which might limit both disulfide exchange reactions and modify any reduced glutathione or other reductant, did not prevent loss of HA2. Since the loss of HA2 can be explained by reduction of the disulfide bond linking HA1 and HA2, this event may occur as part of the normal processing of hemagglutinin during intracellular transport.
The recovery of HA2 from pulse,labeled cells permeabilized, trypsinized, and extracted under denaturing conditions at different stages of transport demonstrated that although the disulfide bond linking HA1 and HA2 was formed during or soon after synthesis of the polypeptide chain, it was apparently reduced during transport. The results of this experiment are in partial agreement with similar data reported by Copeland et al. (7) . They also found that the disulfide bond between HA1 and HA2 formed early in transport before trimerization. In their study they did not, however, detect breakage of this bond later in transport. This may not be a discrepancy with the results reported here. Copeland et al. extracted cells with Triton X-100 in PBS and discarded the insoluble pellet (7) . If the hemagglutinin in this pellet had altered disulfide bonds, then this would have been missed (see below).
The observation that the disulfide bond linking HA1 and HA2 is formed initially but is later broken raises the possibility that a specific cellular activity is responsible for disrupting the disulfide bond. While no direct data to support this idea has been presented here, this hypothesis is most intriguing. In the H3 subtype of hemagglutinin for which the threedimensional structure of the trimer is available, the disulfide bond between HA1 and HA2 is present near the membrane on the exoplasmic side (61) . It has been shown that reduction of this bond in native hemagglutinin in vitro is not possible in the absence of acid-induced conformational changes (12, 61) . On this basis, it seems reasonable to postulate that cellular reduction of the HAl/HA2 disulfide bond might require a conformational change or may occur as part of a process mediating a conformational change of the molecule.
Such an hypothesis was first proposed by Morrison et al. in their study of the fusion protein of Newcastle disease virus (26) . They reported that during intracellular transport, the fusion protein undergoes a conformational change. When the protein was run on nonreducing gels, the early form ran with a mobility different from that of the protein fully reduced with mercaptoethanol. At later times, the mobility resembled that of the chemically reduced protein, suggesting that the protein had been reduced by the cell during transport.
Hemagglutinin Insolubility, Transport, and Sorting
Hemagglutinin becomes insoluble in polarized epithelial cells such as MDCK cells and LLC-PK1 cells, as well as in depolarized MDCK cells cultured in suspension and nonpolar cells like CEF and CV-1 cells (unpublished observations). It is evident, therefore, that insolubility and membrane polarity are not closely linked. What is the relationship, however, between sorting and polarity on the one hand, and insolubility and sorting on the other? Sorting is certainly a prerequisite for membrane polarity. Membrane polarity, though, depends also on the ability of the cell to maintain a polar distribution initially created by sorting. It is possible that all cells, polar and nonpolar as well, use similar mecha~ nisms to deliver and insert proteins into the plasma membrane, and do so in a particular part of the plasma membrane. Migrating fibroblasts, for example, insert newly synthesized proteins in the leading edge (51) . In ART-20 and PC-12 cells, newly made secretory proteins accumulate at growing processes and along the midbody of dividing cells, clearly in a nonrandom fashion (24, 45, 54, 57) . In epithelial cells, the apical surface may be akin to the fibroblast leading edge, with the exception that proteins inserted there can no longer diffuse to other parts of the surface because of persistent cytoskeletal interactions and the presence of junctional complexes. In this hypothesis, membrane traffic to other parts of the plasma membrane, the basolateral domain in epithelial cells, and regions other than the leading edge in fibroblasts, is not precluded. What is implied, though, is that this transport occurs with mechanisms distinct from that directed to the leading edge or apex of the cell.
If sorting is merely the expression of a particular type of intracellular transport in the very specialized epithelial cell, then hemagglutinin insolubility may represent complex formation between the hemagglutinin and glycolipids, other membrane proteins, and possibly the cytoskeleton. Formation of such a complex may be essential primarily for getting the protein to the cell surface, but may also help to insure that the hemagglutinin, or other apical proteins, stay where they are delivered.
